Among 17 DNA polymerases identified in humans, Pol ν, Pol θ and Pol ζ stand out by their sequence homology with high-fidelity replicases while they conduct mutagenic and translesion DNA synthesis (TLS) [1] [2] [3] [4] [5] . The A-family Pol ν and Pol θ increase immunoglobulin gene diversity in chicken DT40 cells 6 , and Pol θ has a role in maintaining genome stability 7, 8 . The B-family Pol ζ is essential for normal cell proliferation [9] [10] [11] . On the basis of sequence conservation, Pol ν, Pol θ and Pol ζ are predicted to contain a three-domain catalytic core with the palm domain bearing the catalytic carboxylates, the thumb domain binding duplex DNA and the finger domain interacting with the nascent base pair between a template and incoming nucleotide. However, the mechanism by which these polymerases carry out mutagenic DNA synthesis is unclear.
a r t i c l e s
Among 17 DNA polymerases identified in humans, Pol ν, Pol θ and Pol ζ stand out by their sequence homology with high-fidelity replicases while they conduct mutagenic and translesion DNA synthesis (TLS) [1] [2] [3] [4] [5] . The A-family Pol ν and Pol θ increase immunoglobulin gene diversity in chicken DT40 cells 6 , and Pol θ has a role in maintaining genome stability 7, 8 . The B-family Pol ζ is essential for normal cell proliferation [9] [10] [11] . On the basis of sequence conservation, Pol ν, Pol θ and Pol ζ are predicted to contain a three-domain catalytic core with the palm domain bearing the catalytic carboxylates, the thumb domain binding duplex DNA and the finger domain interacting with the nascent base pair between a template and incoming nucleotide. However, the mechanism by which these polymerases carry out mutagenic DNA synthesis is unclear.
Two characteristics of replicases ensure high-fidelity DNA synthesis: proofreading by the 3′-5′ exonuclease [12] [13] [14] [15] and discrimination against incorrect incoming nucleotides (dNTPs) by the 'openand-closed' conformational change of the finger domain [16] [17] [18] . Y-family DNA polymerases, specialized for translesion and errorprone DNA synthesis, lack these two features 19 . Pol ν, Pol θ and Pol ζ are incapable of proofreading, owing to mutations in the active site of the 3′-5′ exonuclease 1, 20, 21 . Because of the absence of atomicresolution structures, how these specialized polymerases interact with DNA and the nascent base pair and the nature of conformational changes during a catalytic cycle are unknown.
The 900-residue human Pol ν (ref. 22 ) is the smallest among the three enigmatic TLS polymerases. The catalytic cores of Pol ν and Pol θ are homologous to mitochondrial Pol γ and Escherichia coli Pol I 20, 22, 23 , but each contains three insertions 5, 24, 25 (Fig. 1a) . Pol ν has a unique error signature and frequently misincorporates dT opposite a template dG 1, 2 . To understand Pol ν and to shed light on the mutagenic properties of Pol θ and Pol ζ, we have determined the crystal structures of human Pol ν complexed with DNA and have discovered unexpected conformational changes involving the finger and thumb domains.
RESULTS

A minimal active human Pol  and four crystal structures
Human Pol ν is largely insoluble when expressed in E. coli 26, 27 . To improve its solubility, we expressed human Pol ν tagged with an N-terminal tandem repeat of maltose-binding protein (MBP) in HEK293 cells (Online Methods). We also serially deleted the N-and C-terminal unstructured regions to create Pol ν77 (E175-G863, 77 kDa) 27 , Pol ν76, (A181-G863), Pol ν75 (A192-G863) and Pol ν74 (D199-G863) (Supplementary Fig. 1 ). All four Pol ν variants were soluble and readily purified. Except for Pol ν74, the N-terminal MBP tag was easily removable by PreScission cleavage. Tag-free Pol ν75, ν76 and ν77 were equally active in DNA binding and synthesis. We purified Pol ν75 to homogeneity (Supplementary Fig. 2a ) and used it for most of the following structural and biochemical studies.
DNA synthesis assays with Pol ν expressed in mammalian cells confirmed that Pol ν is an error-prone DNA polymerase that preferentially misincorporates dT regardless of template sequence (Supplementary Fig. 2b ). With previously reported mutationhotspot and mutation-coldspot DNA substrates 26 , the measured k cat and K m of Pol ν75 for incorporating correct (dC) and incorrect (dT) nucleotides (Supplementary Table 1 ) agreed well with the kinetic parameters obtained from E. coli-expressed and refolded Pol ν77 (ref. 26) . In contrast to the majority of DNA polymerases, which carry out DNA synthesis with a similar efficiency and accuracy regardless of DNA sequence, Pol ν had up to a 20-fold difference in catalytic efficiency and fidelity depending on DNA sequence (Supplementary Table 1 ).
a r t i c l e s
To understand Pol ν's unusual error-prone DNA synthesis, we determined the crystal structure of a Pol ν75-DNA complex, Ndna1, at 3.1-Å resolution (Online Methods), with a 14-nt template, an 11-nt primer DNA and a nonreactive nucleotide analog, dAMPNPP ( Supplementary Fig. 3a,b) . Owing to crystal-lattice interactions, the blunt end of each DNA was in the active site instead of the 3-nt 5′ overhang, and the incoming nucleotide was absent. After modifying the DNA substrate and changing the duplex length ( Supplementary  Fig. 3c,d ), we obtained three additional crystals: Ndna2, Ndna3 and Ndna4, with Ndna2 and Ndna3 in the same space group as Ndna1. We solved these three structures by molecular replacement and refined them at the highest resolution of 2.95 Å (Ndna2) and lowest resolution of 3.3 Å (Ndna3) ( Table 1) . Perhaps owing to the high salt and low pH of the crystallization buffer (1.2 M (NH 4 ) 2 SO 4 , pH 5.9-6.3), all four structures were protein-DNA binary complexes without dAMPNPP. Interestingly, in the first three structures (Ndna1-3), the finger domain changed from the open, ajar conformation to a closed conformation correlating with the increases of the DNA length (Supplementary Fig. 3 ). In Ndna4, the finger domain was closed, and the thumb domain underwent a large rotation.
An unusual open state of Pol  The Ndna2 and Ndna4 structures resemble the finger-closed form of A-family polymerases (Figs. 1 and 2a) , which usually represents (Fig. 1b,c) . The four catalytic essential carboxylates are replaced by T224, M226, F324 and L401 in the pseudo-Exo domain of Pol ν, and the mutated active site is further blocked by an elongated loop (residues 229-241) (Fig. 1c) . The first two insertions (Ins1 and Ins2) in Pol ν and Pol θ are located at the tip and the base of the thumb domain (Fig. 1a,d ) and probably influence DNA binding (details below). The third insertion (Ins3) in Pol ν is on the backside of the palm domain distal from the DNA-binding surface (Fig. 1e) . Although Ins3 in Pol θ is further toward the C terminus 24, 25 , modeling shows that it is also on the backside of the palm domain and extends toward the pseudo-Exo domain (Fig. 1e) . between the open and closed state, owing to a mismatched incoming nucleotide. The catalytic cores of these two structures superimposed reasonably well except for the absence of dNTP in Ndna1 (Fig. 2b) .
The O helix of Ndna3 was the most open among the four Pol ν75 structures, but Ndna3 was different from the open state of Pol I (Fig. 2c,d) . The O helix in Ndna3 was rotated 25°, instead of 40°, away from the DNA substrate relative to that in Ndna2. Among the previously characterized A-family polymerases, helices Oa and Ob (sequentially after the O helix in the finger domain) move slightly outwards in the opposite direction of the O helix from the closed to the open state to accommodate the downstream (+1) template nucleotide (Fig. 2c) . However, in Ndna3, Oa and Ob rotate 17.5° toward the DNA duplex in the same direction as the O helix and occlude both the +1 and templating nucleotide-binding site (Fig. 2c) . Instead of the O helix opening, a large portion of the finger domain (helices Oa, Unique residues in Pol  and the error signature Several residues uniquely conserved in Pol ν appear to stabilize its unusual open state. First, Y682 on the O helix of Pol ν replaces a phenylalanine residue in high-fidelity Pol I (F710 in the Bacillus Pol I) ( Fig. 3a) and favors the unusual open state by forming a hydrogen bond with R692 (on helix Oa). The Y682 and R692 pair closes off the binding site for the +1 template nucleotide, which is normally sandwiched between helices O and Oa in Pol I (Fig. 2c) , and displaces the tyrosine (Y686 in Pol ν and Y714 in Pol I) that is a placeholder for the template base (Fig. 2c,d) . Interestingly, Y682F-mutant Pol ν has greatly reduced catalytic activity but improved accuracy 5 . Second, G689 of Pol ν replaces a conserved serine in Pol I and allows a sharp turn between helices O and Oa, thus keeping them together and preventing Pol ν from reaching the normal open state. Nearby E691 of Pol ν replaces the aromatic residue in Pol I (Y719), which stacks with the downstream template base (+3) and stabilizes the template strand (Fig. 2c) . The negatively charged E691 of Pol ν cannot form favorable interactions with DNA. As a result, the downstream template is disordered in all Ndna structures. E675 and K679 are unique to Pol ν and are located near the nascent base pair (Fig. 3a,b) , and thus they may favor dT misincorporation 5 . We generated Pol ν mutants with these residues replaced by the corresponding amino acids in Pol I (Supplementary Fig. 2c,d) . The E675R mutation reduced polymerase activity but did not change nucleotide preference (Fig. 3c and Supplementary Table 1) . In contrast, K679A-mutant Pol ν75 was as active as the WT protein and exhibited better accuracy (by eight-to ten-fold) in nucleotide selection than wild type (WT), regardless of whether the DNA substrate sequence was a hotspot or coldspot for mutation (Fig. 3c,d) . The positively charged K679 potentially forms hydrogen bonds with O6 of dG (template) and O4 of the incoming dTTP, thus favoring the dT misincorporation opposite dG (Fig. 3e) . This role would be similar to those of the positively charged R61 of human Pol η, as well as the R61K mutation, both of which promote G-T mismatches and A-to-G hypermutation in somatic cells 36 .
The flexible thumb and primer strand loop out Ins2 (residues 592-606) in Pol ν forms an extended β-hairpin replacing a short α-helix in replicative A-family polymerases (Fig. 4a,b) . Interestingly, the addition of Ins2 creates a cavity in the DNA-binding surface of Pol ν. As a result, the primer strand upstream from its 3′ end (−2 to −4 nt) is exposed to solvent (Fig. 4a) . Furthermore, the thumb domain undergoes a 29.3° rigid-body rotation toward the upstream DNA in the Ndna4 structure ( Fig. 4c and Supplementary Video 3) . In other A-family polymerases, the α helix that is replaced by the β hairpin of Ins2 in Pol ν would prevent the thumb movement. While maintaining contacts with the template strand, the rotated thumb in Ndna4 leaves the primer strand solvent exposed from −2 nt upwards.
The cavity in the Pol ν thumb domain and exposed primer strand are reminiscent of the cavity on the template side of the DNA-binding surface in E. coli DNA Pol II that results in template-strand loop-out and deletional frameshifts 18 . We suspect that Pol ν can accommodate looped-out primers in the cavity and lead to either insertional frameshifts or mutations if realignment ensues. To determine the size and location of primer loop-outs, we constructed seven DNA substrates with 1 to 4 nt looped out in the primer strand at the −2, −3 or −4 position (Supplementary Fig. 4) . Indeed Pol ν75 could extend primers with a 1-nt loop-out 3-bp upstream from the 3′ end (P [ npg a r t i c l e s with 42% of the catalytic efficiency of normal DNA substrate, whereas the Klenow fragment of E. coli Pol I (Klenow) could not (Fig. 4d,e and Supplementary Table 2 ). The loop-out location at the −3 position matches perfectly with the observed cavity in Pol ν. The nucleotide insertion efficiency of Pol ν75 inversely correlated with increase of the loop size from 1 to 3 nt at the −3 position (Supplementary Fig. 4) . When the 1-nt loop-out was 4 to 5 bp upstream (P[4 or 5,1]), Pol ν75 became quite efficient, and even Klenow showed weak activity. Because Ins2 is conserved between Pol θ and Pol ν, we tested whether Pol θ could extend a loop-out-containing primer. We generated and purified an active polymerase domain of Pol θ, Pol θ86 (Online Methods and Supplementary Fig. 5 ). Pol θ86 was ~4 times more active than Pol ν75 and efficiently extended P [3, 1] to full-length (25 nt) and also to 1-ntlonger products (26 nt) (Fig. 4e) . Interestingly, with normal DNA substrate Pol θ86 produced both the full-length (26 nt) and 1-nt-shorter (25 nt) products (Fig. 4e) , results agreeing with the report that Pol θ86 is prone to generating both types of frameshift mutations 3 .
The functional importance of the three inserted regions in Pol θ has been examined previously 25 . Deletion of Ins1 leads to reduced processivity of DNA synthesis only, but deletion of Ins2 or Ins3 appears to destabilize Pol θ and eliminate the translesion-synthesis activities of Pol θ. To examine how Ins2 influences Pol ν's tolerance of primer loop-out, we replaced 25 residues of Pol ν (residues 583-607), including Ins2, with the corresponding ten residues of E. coli Pol I (residues 680-689) (Online Methods and Supplementary Fig. 2c,d) . The resulting ∆Ins2 Pol ν75 was stable and retained one-third of WT Pol ν75's catalytic efficiency on normal DNA. However, its catalytic efficiency with P [3, 1] and P [3, 2] loop-out substrates was reduced to less than one-fifth that of WT (Fig. 4f and Supplementary Tables 1 and 2) . It is not surprising that the ∆Ins2 protein is not a perfect mimic of WT Pol ν or Pol I, but the differential reduction of its catalytic activity on normal versus loop-out DNA is consistent with a role of the structural cavity and the primer-loop-out model.
DISCUSSION
Until now, a simple open-and-closed rotation of the finger domain during each cycle of nucleotide incorporation has been universally observed in A-, B-, C-and X-family DNA polymerases 16, 18, 28, 29 , reverse transcriptases and RNA polymerases 37, 38 (Fig. 5a) . The Pol ν 75 structures, however, reveal an unprecedented open state, which is open for an incoming nucleotide but closed for template-base binding. The unusual open state would change the kinetic and dynamic processes of nascent-base-pair formation, incoming-nucleotide selection and incorporation. A handful of residues unique to Pol ν (Fig. 3a) are likely to stabilize the unusual open state, and conservation of Y682 and G689 in Pol ν and Pol θ (Fig. 3a) indicates that the unusual open state is probably also present in Pol θ.
The error signature of Pol ν in misincorporating dTTP is also due to the unique K679 on the O helix (Fig. 3) Our analysis of K679A mutant Pol ν on mutation hotspots and coldspots confirmed the earlier finding 5 that replacement of one amino acid can substantially increase discrimination against dT misincorporation (Supplementary Table 1 ). Different amino-acid replacements, E675Q, K679Q and E691R, are found in Pol θ, and these may result in mutation spectra and translesion properties different from those of Pol ν. The key feature of Y-family polymerases, which specialize in translesion synthesis, is the small and nonconserved finger domain that accommodates different DNA lesions in a preformed 'closed' active site 39 . The finger-closed conformation in the post-reactionproduct state was previously observed only among low-fidelity X-and Y-family polymerases 30, 31 . Whether the closed conformation revealed in Ndna2 and Ndna4 bears functional significance for Pol ν in error-prone and translesion DNA synthesis awaits future studies. The dramatically different finger-open state of Pol ν and Pol θ with substitutions of amino acids that contact the nascent base pair (Fig. 5a ) may provide the answer as to how these homologs of high-fidelity replicases carry out mutagenic and translesion DNA synthesis.
Primer loop-out allows the template and primer to misalign and DNA synthesis to continue when the downstream template is not usable or blocked (Fig. 5b) . Misalignment of primer and template, however, would depend on the local DNA sequence and require adjustment of the DNA position. The near-30° rotation of the thumb domain in Ndna4 (Fig. 4c) has not been observed among DNA polymerases, but it is reminiscent of the thumb movement observed with T7 RNA polymerase during transition from transcription initiation to elongation 40 . The mobility and the cavity in the thumb domain, both of which appear to correlate with Ins2, may allow Pol ν to sample DNA for alternative template-primer alignments and accommodate nucleotide loop-out in the primer strand (Fig. 5b) . Removal of Ins2 does not alter the fidelity of Pol ν but decreases its tolerance for primer loop-out (Supplementary Tables 1 and 2) . Pol θ, which contains a 25) and is potentially more flexible, is more efficient than Pol ν at synthesizing DNA with a primer loop-out (Fig. 4e) .
Short DNA sequence repeats make it easy for primer and template to misalign by one repeat unit (Fig. 5c) . If not realigned, looping out of the primer strand would result in insertions during replication. Trinucleotide repeat (TNR) expansion, a common cause of a number of human diseases including Huntington's disease, fragile X syndrome, Friedreich's ataxia and myotonic dystrophy, must involve DNA synthesis for these repeats to expand 41, 42 . Various models have been hypothesized to account for the expansions. Prior to the discovery of Pol ν and Pol θ, no human DNA polymerase was known to loop out primer and generate expanded DNA products, however. The expansion has thus been attributed to formation of DNA secondary structure (hairpins or triplex) in the expanded strand outside of the DNA polymerase context 43, 44 . Because of its tendency to form secondary structures, TNRs are inherently unstable and often require specialized TLS polymerases to replicate in normal cells. The ability of Pol ν and Pol θ to loop out primer strands raises the possibility that specialized TLS polymerases may also lead to repeat expansions when unrestrained or misguided.
METHODS
Methods and any associated references are available in the online version of the paper. 
